INTRODUCTION
The large and steadily growing family of naturally occurring myo-inositol phosphates has received intensive study owing to their general and specialized biological activities in cell signalling and homoeostasis. The most abundant inositol phosphate, InsP ' , was thought to be the end point of inositol phosphate anabolism, but recently a novel class of highly phosphorylated inositol phosphates containing energy-rich pyrophosphate groups was discovered in Dictyostelium discoideum and the compounds were identified as diphospho-myo-inositol pentakisphosphate (PP-InsP & ) and bisdiphospho-myo-inositol tetrakisphosphate (bis-PP-InsP % ). They are present at intracellular concentrations in the range 0.05-0.30 mM in this organism and hence are almost as abundant as InsP '
(about 0.6 mM) [1, 2] . The same or similar diphosphorylated compounds have been detected in primitive free-living amoebae [3, 4] , as well as in a number of mammalian cell types [5] [6] [7] ; consequently they are ancient and ubiquitous in eukaryotic cells. As demonstrated by radioactive labelling, the intracellular pools of these compounds in mammalian cells are relatively small, but a rapid metabolic turnover is observed which arises by the combined action of ATP-dependent kinases and fluoride-sensitive phosphatases coupling the interconversions of InsP '
, PP-InsP & and bis-PPInsP % [5] [6] [7] . The physiological significance of this substrate cycle is not known, but it is possibly involved in the regulation of cellular processes by substrate phosphorylation. There are several biological functions of diphospho-myo-inositol phosphates discussed in literature. Recent in itro studies using mammalian cell lines showed that PP-InsP & acts upon proteins involved in vesicle trafficking. PP-InsP & specifically binds to coatomer, a Golgivesicle-coat-protein complex, and modulates its K + -channel activity [8] . Additionally, clathrin assembly is blocked by binding of PP-InsP & to synapse-specific clathrin-assembly protein (AP3) from bovine brain [9] .
A preliminary structural characterization based on $"P-NMR
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sponding enantiomers. The icinal arrangement of the diphospho groups with its steric and electrostatic constraints possibly qualifies bis-PP-InsP % as a metabolite with high phosphategroup-transfer potential in phosphotransferase reactions.
analysis and fast-atom-bombardment MS led to the suggestion that the likeliest structures of the diphospho-myo-inositol phosphates isolated from Dictyostelium were 1-PP-InsP & and 1,4-bis-PP-InsP % or their corresponding enantiomers. A icinal arrangement of the two diphospho groups in bis-PP-InsP % was considered to be unlikely because of steric and electrostatic constraints [1] . Accordingly, the total syntheses of 1-PP-InsP & and its enantiomer, 3-PP-InsP & , were carried out so that their biological functions could be explored. Inhibition studies using non-specific and specific PP-InsP & phosphatases led to the suggestion that the enantiomer 1-PP-InsP & is the naturally occurring compound [10] . On the other hand, two-dimensional "H\$"P-NMR studies of extracts of the free-living amoebae Phreatamoeba balamuthi [3] and Entamoeba histolytica [4] indicated that the isomer 5-PP-InsP & exists in these species. In the present study the previously reported isolation procedure for the two diphospho-myo-inositol phosphates from D. discoideum was optimized and their structures were reinvestigated by two-dimensional "H\$"P-NMR analysis in order to elucidate the precise position of the diphospho groups.
MATERIALS AND METHODS

Assay for inositol phosphates
To avoid a time-consuming assay for total phosphorus during anion-exchange chromatography, a simple, semiquantitative complexometric assay for myo-inositol phosphates was developed. It is based on the metal-dye-detection method described elsewhere [11, 12] . A 1-10 µl portion of the sample, containing 3-100 µM inositol phosphate, were mixed with 1 ml of PAR reagent [10 µM YCl $ (Aldrich), 70 µM 4-(2-pyridylazo)resorcinol (Fluka), 700 mM Tris\HCl, pH 8.5) and the absorbance was measured at 546 nm. The assay was calibrated using standard solutions of the corresponding inositol phosphate.
Growth of cells and extraction of diphospho-myo-inositol phosphates
D. discoideum strain AX2 (A.T.C.C. 24397) was grown in AX2 medium [13] supplemented with 1.8 % maltose instead of glucose at 21 mC in a 10-litre fermenter. Cells were harvested by centrifugation for 10 min at 5000 g, washed with 17 mM phosphate buffer, pH 6.5, and stored at k80 mC. Frozen cells (about 100 g wet weight ; 10"" cells) were added to 200 ml of 2 M HClO % containing 50 mM EDTA and mixed vigorously at 0 mC. Denaturated material was removed by centrifugation (10 min, 5000 g). The supernatant was immediately neutralized on ice with 4 M KOH and the precipitate of KClO % was removed by filtration [11] .
Purification of diphospho-myo-inositol phosphates
The resulting extract was treated for 15 min with activated charcoal (Norit A ; Serva ; 2 g\100 ml of extract) to remove nucleotides [11] . After filtration the extract was diluted with distilled water to a final conductivity of 3-4 mS\cm and applied to an 2.5 cmi20 cm anion-exchange column (Q-Sepharose Fast Flow ; Pharmacia). All inositol phosphates, including most of the InsP '
, were eluted with 200 ml of 250 mM HCl. In a second step, the diphospho-myo-inositol phosphates containing small amounts of InsP '
were eluted with 200 ml of 550 mM HCl. The appropriate fractions were combined, immediately neutralized on ice with 4 M LiOH and freeze-dried. The dried samples were desalted by dissolving LiCl in 100 % ethanol (20 ml\g), and the insoluble inositol phosphates were collected from ethanolic suspension by centrifugation (5 min, 6000 g). To separate InsP ' , PP-InsP & and bis-PP-InsP % , the material obtained from four pre-purified preparations were loaded on a high-resolution 1.6 cmi10 cm anion-exchange column (Resource Q ; Pharmacia) and eluted isocratically with 375 mM HCl. Fractions (1.5 ml each) were collected and analysed by the complexometric assay described above. The fractions containing PP-InsP & and bis-PPInsP % were combined, immediately neutralized on ice with 4 M LiOH and freeze-dried. LiCl was removed with ethanol as described above. The yield and purity of the isolated compounds were examined by the metal-dye-detection HPLC method [11, 12] using a high-resolution anion-exchange column (Mono-Q 10\10, Pharmacia).
NMR analysis
The isolated diphospho-myo-inositol phosphates were dissolved in 1 ml of #H # O (99.996 % #H ; Sigma) and freeze-dried. This procedure was repeated twice. The samples were finally dissolved in 0.5 ml of 99.996 % #H # O, the pH was adjusted to 6.0 by titration with [#H % ]acetic acid (99.5 % #H ; Sigma) and the solutions were filled into 5 mm-diameter NMR tubes.
All spectra were accumulated at 305 K using a Bruker ARX-400 NMR spectrometer equipped with an ASPECT workstation. The resonance frequency was 400.13 MHz for "H and 161.98 MHz for $"P.
For one-dimensional "H spectra, excitation pulses of 30 m and relaxation delays of 1.0 s were employed. The spectral width was set to 8474 Hz at a data size of 32 768 words, which yields a digital resolution of 0.26 Hz\point. The "H#HO signal was suppressed by a selective presaturation pulse. The results are plotted into F " of the "H\$"P correlated spectra and in F " and F # of the "H\"H correlated spectra. "H chemical shifts are referenced to "H#HO (δ 4.70 p.p.m.).
The one-dimensional $"P spectra, plotted into F # of the "H\$"P correlated spectra, were obtained with 30 m excitation pulses and relaxation delays of 0.1 s. The spectral width was 2427 Hz, and, with a data size of 4096 words, the digital resolution was 0.59 Hz\point. For suppression of proton coupling, a WALTZ16 decoupling technique was employed. $"P chemical shifts are referenced to external phosphoric acid.
The "H-"H shift correlated spectra [ Figures 1 and 4 (below)] were acquired according to [14] with a selective presaturation pulse of 1.8 s to suppress the "H#HO signal at 4.7 p.p.m. Spectral width was 500 Hz in the F # (256 points) and 500 Hz in the F" domain (128 points), with digital resolutions of 1.95 Hz\point and 3.90 Hz\point respectively. The two-dimensional contour plot resulted, after zero-filling, to a 1024i1024 data matrix, applying a sine multiplication without symmetrization.
The two-dimensional "H\$"P correlation spectra (Figures 2  and 3) were recorded with the following pulse sequence [15] :
The two-dimensional contour plot was obtained after zero-filling to a 2048i256 data matrix and applying sine-squared (SSB l 2) multiplication.
RESULTS AND DISCUSSION
The two diphospho-myo-inositol phosphates from Dictyostelium were separated by high-resolution anion-exchange chromatography of pre-purified HClO % extracts from Dictyostelium. Both isolated compounds were analysed qualitatively and quantitatively using the metal-dye-detection HPLC method [11, 12] and were found to be chromatographically pure. Starting from about 4i10"" cells, total amounts of 9 µmol of PP-InsP & and 16 µmol of bis-PP-InsP % were obtained. This corresponds to yields of 70-80 % with respect to the intracellular concentration of these compounds in vegetative cells [2] . Diphospho-myo-inositol phosphates are sensitive to hydrolysis in aqueous solution and therefore should be freeze-dried before storage.
The purified compounds were analysed by $"P-and "H-NMR spectroscopy. Best resolution was obtained at pH 6, probably because of favourable intramolecular hydrogen bonding. Several aspects of the structural assignment can be deduced from the one-dimensional NMR spectra.
The "H-decoupled $"P-NMR spectra of bis-
show three groups of resonances. Four monophosphate groups are represented by well-resolved singlets between 1.7 and 2.5 p.p.m. The two diphosphates exhibit two groups of upfield resonances. The first group of two doublets near k6 p.p.m. is due to the two β-phosphates, whereas the second pair of doublets around k8.7 p.p.m is further split by $J P-H in proton-coupled spectra (not shown) and corresponds to the two α-phosphates. The resonances of each phosphorus in the diphospho groups are split into doublets due to a #J P-P coupling ($17 Hz) between the correlated β-and α-phosphates. Since the corresponding doublets of the two α-and the two β-phosphates exhibit different chemical shifts, a symmetrical arrangement of the diphospho groups to the plane of symmetry (i.e. 1,3 and 4,6) is excluded. Further information is obtained from the "H-NMR spectra (Figure 1) . Because of the similar magnitude of $J P-H and $J H-H (trans) and the fact that $ J H-H (trans) is much greater than $J H-H (cis), the signals appear as a doublet (H-2), overlapping triplets (H-1, H-3) and quartets (H-4, H-5, H-6) in mediumresolved spectra. As is general in myo-inositol phosphates, the H- . This shift of H-5 points to an effect of a diphospho group. To confirm the assignment of the proton resonances, selective decoupling experiments as well as a two-dimensional "H-"H correlation were performed. Starting from the unambiguously identified H-2 resonance (4.94 p.p.m.), the other signals are readily assigned by the "H-"H correlation map (Figure 1) . Finally, all monophosphates and the diphospho groups were assigned by two-dimensional "H-$"P correlation (Figure 2) . The correlation map demonstrates that the α-phosphates of the two diphospho groups are coupled to H-4 and H-5 respectively. Consequently, the diphospho groups in bis-PP-InsP % are arranged vicinally and the structure is either 4,5-bis-PP--myo-InsP (1,2,3,6 )P % or its corresponding enantiomer 5,6-bis-PP--myo-Ins(1,2,3,4)P % . Detailed NMR data are shown in Table 1 .
The "H-decoupled $"P-NMR spectrum of PP-InsP & ( Table 2 .
The unequivocal structural assignment of the two diphosphomyo-inositol phosphates was made possible by two-dimensional "H--$"P-NMR correlation. The previous assignments [1] were mainly based on comparison of $"P-NMR spectra of the diphosphorylated compounds with the $"P-NMR spectra of InsP '
. However, the influence of diphosphorylation on the chemical shifts of the monophosphate groups was not known, and therefore incorrect structures could be deduced from these data.
It is impossible to distinguish between enantiomers by the NMR methods used in the present investigation, but from a biological point of view it seems unlikely that Dictyostelium cells produce a mixture of both enantiomers. Nevertheless, some interesting conclusions can be drawn. It is remarkable that the two pyrophosphate groups in 4,5-bis-PP-InsP % (or 5,6-bis-PPInsP % ) are arranged vicinally. The actual conformation of the compound is not known, but obviously there are high steric constraints and strong electrostatic repulsions due to the highly negative charge density. Therefore the phosphate-group-transfer potential of this compound may be higher than estimated previously [1] and possibly qualifies 4,5-bis-PP-InsP % as an energy-rich metabolite in hitherto-unknown phosphorylation reactions. Compared with the concentrations in vegetative cells, Small resonances observable in the proton-decoupled 31 P NMR spectra plotted into the F 2 domain are due to hydrolytic decomposition products, which arise during long-lasting NMR experiments. phosphate metabolism is controlled by a set of rather specific phosphotransferases and phosphatases. Whether diphospho-myo-inositol phosphates observed in different cell types have the same structures as those in Dictyostelium is still not known with certainty. Therefore it would be of great interest to analyse them in comparative studies by the metal-dye-detection HPLC method in order to get an uniform view of the inositol phosphate network.
